A liquid-glass transition was observed experimentally in a new system, an oil-in-water emulsion. Dynamic light scattering was employed to obtain the intermediate scattering function f(q,t) for a range of volume fractions and scattering vectors q. The results are compared with predictions of the mode coupling theory. While the usual idealized version of the theory provides accurate fits to the data on the liquid side of the transition, fits for volume fractions near the transition and in the glass phase were found to require the extended version, presumably due to an additional decay mechanism related to the deformability of the oil droplets.
INTRODUCTION
The liquid-glass transition occurs in a wide range of materials including the silicates, molecular liquids, molten salts, and polymers. At temperatures well below the glass transition temperature T g , glasses are amorphous solids with nonzero shear modulus on any measurable time scale, while their structures exhibit no evidence of long-range order. It is generally ͑though not universally͒ believed that the glass transition is a purely kinetic transition, and that no thermodynamic phase transition is involved.
The hallmarks of the glass transition include extremely rapid increases in the shear viscosity and structural relaxation time with decreasing temperature, and the quenching in of disorder as the material undergoes an ergodic to nonergodic transition. While many experimental studies of these properties with a variety of experimental techniques have been reported, there is still no universally accepted theoretical explanation for the glass transition; experimental data continue to be analyzed with a variety of different theoretical models ͓1,2͔. Thus further model systems that undergo a glass transition, and whose properties can be probed in detail, would be of great value to further elucidate this important transition.
Mode coupling theory ͑MCT͒ ͓3,4͔ has been very successful in explaining the evolving dynamics of the relaxation process in liquids approaching T g , but comparisons of experiment and theory have generally been hampered by the complex structure of most real glass-forming materials. An important exception is provided by colloidal glasses for which the solid colloidal particles interact primarily via simple hard-sphere interaction potentials. In this case, particle volume fraction, , plays the role of temperature as the thermodynamic variable which controls the onset of the glass transition. As increases toward the glass transition, the viscosity of a suspension of colloidal particles diverges, and the frequency-dependent viscoelastic moduli can be well described within the framework of MCT ͓5͔. Moreover, because colloidal particles typically have sizes of several thousand angstroms, light-scattering spectroscopy can directly probe the dynamics of these systems on the length scale qaϳ1, where q is the scattering vector and a is the particle radius. Detailed dynamic light-scattering studies of colloidal glass formers have been reported and compared with the predictions of MCT, particularly by van Megen and his coworkers ͓6-8͔ and by Bartsch and co-workers ͓9,10͔. Since MCT calculations can be carried out with the important coupling constants evaluated explicitly for the hard-sphere system, the dynamics of colloidal glasses as probed by dynamic light scattering provide a possibility for direct comparison of experiment and theory with no adjustable parameters. There are, however, hydrodynamic interactions present in colloidal dispersions that are not included in MCT. To further explore the relevance of MCT to the liquid-glass transition, it is clearly desirable to investigate other systems for which the interaction potentials can be treated explicitly.
In this paper we describe a new system that, somewhat unexpectedly, exhibits the hallmarks of the glass transition. It is an emulsion consisting of two liquids-oil and waterwith a small concentration of stabilizing surfactant. The oil is dispersed as surfactant-covered droplets in the continuous ͑water͒ phase, forming an emulsion. The emulsion droplets are further purified to make them monodisperse in size ͓11,12͔, making possible more detailed study of their behavior and more exact comparison to theoretical predictions of packing and dynamics. We show that this emulsion clearly undergoes a glass transition as the volume fraction of droplets, , is increased. We study the glass transition with dynamic light scattering, and show that its behavior is well described within the formalism of mode coupling theory ͓3͔. However, in marked contrast to the behavior of hard-sphere colloids, the extended version of MCT must be used for the emulsion, presumably reflecting the consequences of the deformability of the liquid droplets.
Besides providing a new system that can be used to test the validity of MCT, these data also provide important insight into the elastic properties of emulsions. As the droplet volume fraction increases, these emulsions undergo a pronounced transition from viscous fluids to highly elastic solids ͓12͔. At the highest volume fractions, the shear modulus of the emulsions is controlled by the energy of deformation of the droplet shapes, or the surface tension ͓12͔. The transition to this behavior is governed by the deformation of the droplets, which first occurs at c Ϸ0.64, or random close packing, the highest volume fraction at which undeformed spheres can be randomly packed. By contrast, the results presented here show that, in fact, these emulsions first become a solid at a significantly lower volume fraction, g ϳ0.58, determined by the colloidal glass transition, where the spatial packing of the droplets becomes so large that they are no longer able to freely move over all the space.
EXPERIMENT
Our emulsions were comprised of silicone oil droplets in water, stabilized by sodium dodecylsulfate. The method of crystallization fractionation ͓11͔ was used to obtain monodisperse droplets with a radius of aϷ0.25 m. By replacing about half the continuous phase water with glycerol, we matched the indices of refraction of the droplets and continuous phase, thereby eliminating multiple scattering. The structure and dynamics of the emulsions could then be probed with light scattering, using the 514.5 nm line of an Ar ϩ laser. A desktop centrifuge was used to concentrate the emulsion to Ϸ0.7; the excess solvent was removed, and then used to dilute the sample to the desired volume fraction which was set by careful control of the mass of the sample components, and was determined by drying and weighing the constituents of a portion of the concentrated sample. The emulsion clearly exhibited a sharp transition in its behavior with increasing , going from a freely flowing fluid, to a very viscous fluid to a solid as varied from about 0.5 to 0.7. Although the surface of the droplets is charged by the surfactant, the concentration of surfactant in the continuous phase is sufficient to reduce the screening length to a sufficiently small value that the droplet packing behaves very nearly as hard spheres. Nevertheless there is a very small difference between the phase volume fraction, which determines the phase behavior of the droplet packing, and the absolute volume fraction, determined by the weight of the constituents. For the droplets used in these experiments, this difference was less than 1% ͓12͔; here, we quote the phase volume fraction.
The structure of the emulsions can be characterized by means of their structure factor S(q), which can be measured quantitatively with static light scattering, because the droplets are monodisperse, and because they can be index matched to the solvent. The form factor of the individual droplets is first determined from the scattering intensity of a low volume fraction; this is used to normalize the measured scattering intensity from higher volume fractions, allowing S(q) to be determined. A typical example of S(q) for the samples used in these studies is shown in Fig. 1 . It is obtained from a sample with aϷ0.25 m and Ϸ0.54, a volume fraction that is near the colloidal glass transition. The structure factor exhibits the typical behavior of a concentrated hard-sphere system. There is a pronounced peak at q 0 ϳ13 m Ϫ1 , corresponding to qaϳ, and a weaker peak at q 0 ϳ2q 0 . The height of the strong first peak is S(qa ϳ)ϳ2.8, close to the value expected for a colloidal glass. Interestingly, the structure factor remains well determined even at volume fractions well above the glass transition, although the height of the first peak becomes significantly greater ͓13͔. This reflects the fact that the disordered structure of the emulsion droplets is quenched in as the volume fraction is increased.
To probe the dynamics of the emulsion as it goes through the glass transition, we use dynamic light scattering ͑DLS͒, and collect data at values of qa below, at, and above the first peak in the structure factor, for samples whose volume fraction ranges from well below to well above the colloidal glass transition. We thereby obtain a comprehensive dynamical measure of the system as its dynamics change with increasing volume fraction , and as it goes through the glass transition. We measure the intermediate scattering function ͑ISF͒ f (q,t)ϭS(q,t)/S(q). Because the dynamics of the emulsion become exceedingly slow with increasing volume fractions, time averaging of the data no longer corresponds to the true ensemble average required for comparing to theoretical predictions, reflecting the nonergodicity of the system on the time scale of the measurement. Thus, during the course of a measurement, some fraction of the scattered light will fluctuate completely, while a second fraction will remain unchanged. The exact correlation function measured will depend on the relative fraction of these two contributions for the light collected by the detector. The relative contributions of the static and dynamic contributions must be properly weighted to obtain a true ensemble-averaged ISF.
Different techniques can be used to properly average the data. Perhaps the simplest is to slowly rotate the sample while the correlation function is being measured ͓14͔. This ensures that an average over all relative contributions of static and dynamic scattering is collected. However, the motion of the sample also results in a decay of the correlation function as the speckles move across the detector, limiting the time scale over which a true decay of the sample is observed. A second method to obtain properly ensembleaveraged data entails the collection of a correlation function at a single point, and then rotating the sample more rapidly to measure the average scattered intensity; this is then used to correct the measured correlation function to obtain the ensemble-averaged ISF ͓15͔. While this method does not directly average the data, it also does not result in any additional decay due to sample motion.
We tried both methods in these experiments; however, contrary to claims that the two techniques are equivalent ͓14͔, we found that we were able to collect considerably better data using the latter method. The data for the samples studied here decay very slowly, requiring long collection times to observe the full extent of the decay. As a result, it was essential to measure the longest decay times possible. Using the rotation method, the limitation to measuring long decay times is set by the combination of the total duration of the experiment and by the requirement that a large number of independent speckles must be measured to obtain the average scattered intensity with sufficient accuracy to normalize the data. It is this combination of requirements that ultimately determines the slowest speed at which the sample must be rotated. Thus, for example, 10 4 independent speckles must be averaged to determine the average intensity to an accuracy of about 1%. Since it is quite important to accurately determine the average intensity, at least 10 4 speckles must be measured. For a given experiment duration, this sets the speed at which the sample must be rotated, and therefore the longest decay time that can be probed before sample motion obscures further decay. This decay time must always be significantly less than 10 Ϫ4 of the total duration of the experiment, severely limiting the decay times that can be probed in any experiment. By contrast, in the second technique, the measurement of the average intensity is separate from the measurement of the correlation function; hence the average intensity can be measured with a very high degree of accuracy by rotating the sample quite rapidly, to collect the data over a very large number of independent speckles. Then the correlation function can be measured to much longer times, without the introduction of any spurious decay due to sample motion. Although there will be increasing uncertainty in the data at these longer times, the data are nevertheless of sufficient quality to provide valuable information even at the longest delay times. Thus we found experimentally that the latter method was far better, and we used it to collect all the data presented here.
To collect our data, we typically collected static scattering for about 1 h, while the sample was slowly rotated. This provided a very accurate determination of the average static scattering. We then collected correlation functions from several different points, corrected each one individually to obtain a measure of the ensemble-averaged ISF, and finally averaged these together. We ensured that the acceptance angle of the detector was very small, so that the coherence factor, measured with the same optics as the experiments, was well above 0.9, as determined by the intercept of correlation functions from purely ergodic samples. Of course the apparent value of the intercept varied considerably for the emulsion sample, depending on the relative magnitude of the static and dynamic contributions. However, after the correction, the ISF's varied only very slightly, indicating that the averaging that we performed was sufficient.
Data collected from a series of samples, with different volume fractions ranging from ϭ0.54 to 0.62 are shown in Fig. 2 . For each volume fraction, we plot data obtained at three values of qa, below, at, and above the first peak of the structure factor; the qa values are indicated by arrows in Fig.  1 . The f(q,t) data clearly exhibit two distinct decays on well separated time scales. Moreover, as increases, the separation of these time scales also increases significantly, while the plateau in the data between the decays becomes more extended. In addition, there is a pronounced change in the data between ϭ0.57 and 0.58; while the volume fraction changes by only 0.01, the separation of the time scales of the two decay processes of the ISF increases by several decades, particularly at the highest qa. Nevertheless, at all values of both and qa, the data always decay at the longest time scales measured. Finally, there is also a marked difference in the behavior as qa is varied; the amount of the initial decay is clearly the least for qa at the peak of the structure factor, increasing both below and above.
While the shapes of the ISF's shown in Fig. 2 are quite complex, they possess all the hallmarks expected for a system undergoing a colloidal glass transition ͓6-8,16͔. The physical picture that accounts for the shape is that of cages formed around each particle by its neighbors. As increases, any given particle becomes trapped within its cage for in-FIG. 2. Dynamic light-scattering data f(q,t) ͑symbols͒ from monodisperse emulsions collected at qaϷ2.5 ͑top panel͒, 3.6 ͑middle panel͒, and 4.2 ͑lower panel͒, for a series of volume fractions. These values of qa correspond to values of qϷ10, 14.4, and 16.8 m Ϫ1 in the structure factor shown in Fig. 1 . The lowest value of qa is below the first peak, the intermediate value is approximately at the first peak, while the highest value is above the first peak in structure factor. Fits to the data using the idealized MCT are shown by the solid lines, while the improved fits for volume fractions above the glass transition obtained with the extended MCT are shown by the dashed lines.
creasing periods of time, and any relaxation mechanism for the particle to escape from its cage must become increasingly more cooperative, involving the collective motion of particles over larger distances. This cooperativity results in the pronounced slowing down of the relaxation of density fluctuations evident in the data. Qualitatively, the initial decay of the ISF corresponds to local motion of the particle within its cage, the slowly decaying plateau region corresponds to relaxation of the cage, called the ␤ relaxation, while the final decay corresponds to the breakup of the cage and escape of the particle, designated as the ␣ relaxation. To quantitatively describe the data, we use mode coupling theory, which has been successfully applied to describe light-scattering data from colloidal suspensions near the glass transition ͓6-8,16͔.
Mode coupling theory describes the dynamics of a liquid approaching the liquid-glass transition through equations of motion for ⌽ q (t), the normalized autocorrelation functions of the density fluctuations q (t):
These equations, one for each q, are formally exact, with the important physics hidden in the memory functions M q (t)
ϭ␥ q ␦(t)ϩm q (t) where ␥ q is the ''regular'' damping constant, and m q (t) represents the slowly varying part of M q (t). MCT then utilizes the Mori-Zwanzig projection operator formalism and Kawasaki's factorization approximation to express m q (t) in terms of products of two or more other modes. In the original ''idealized'' version of MCT, only the largest such term is retained:
where q 1 ϩq 2 ϭq, and the coupling constants V(q,q 1 ,q 2 ) are given in terms of the static structure factors S(q), S(q 1 ), S(q 2 ) which are, in turn, determined by the intermolecular potentials. For hard spheres, the coupling constants can be evaluated analytically and the coupled set of Eqs. ͑1͒ and ͑2͒ can then be solved numerically. Such solutions were obtained for both hard-sphere ͓17͔ and LennardJones liquids ͓18͔. These complete solutions to the MCT equations can, in principle, be compared directly to experimental data, providing a critical test of the theory. However, preliminary attempts to carry out such a comparison for both colloidal dispersions and emulsions have been only moderately successful; while they capture the behavior at the time scales comparable to the ␤ decay, they do not properly account for the behavior at short times, and thus do not capture the full behavior of the data. The origin of this discrepancy is that the systems modeled by these MCT expressions do not correspond exactly to the experimental colloidal or emulsion systems. Since the particles or droplets are immersed in a fluid, the diffusive motion of the particles at short time scales must be incorporated into the MCT. Recently, Mayr and co-workers have reanalyzed the hard-sphere liquid using more powerful algorithms in an attempt to do so ͓19͔. However, in addition to the diffusive dynamics, hydrodynamic interactions between the particles also play a crucial role in determining the dynamics at short-time scales. These interactions are not yet included in the MCT calculations, although attempts to do so are currently underway ͓20͔. Therefore, as in all other previous comparisons of experimental dynamical data with MCT predictions, we employ the asymptotic MCT results rather than the full solutions to the MCT equations. However, in contrast to the case of hard-sphere colloids, the deformability of the emulsion droplets also affects the dynamics. To account for this, we will use the extended version of the MCT.
Near c , ⌽ q (t), which is assumed to be equal to f (q,t), exhibits a two step decay, corresponding to the ␣ and ␤ relaxation processes characterized by two time scales, ␣ and ␤ , respectively, which are both greater than the microscopic time scale 0 . In the idealized version of MCT, the two decay times are well separated, and f(q,t) decays fully to zero at long times for Ͻ c . In contrast, for Ͼ c , the ␣ process is frozen out, leaving only the ␤ process, and f(q,t) saturates to a finite value, f(q,ϱ͒, at long times. The transition at c signifies an ergodic to nonergodic transition that typifies a glass transition.
As → c , the divergence of ␤ inherent in the MCT equations permits asymptotic expansions to be carried out that provide the MCT asymptotic results usually exploited for fitting data ͓7,8,16͔. For 0 ӶtӶ ␣ , f (q,t) can be factorized into time-and q-dependent functions,
where f c (q) is the nonergodicity parameter which represents the amplitude of the arrested structure at c , and h(q) is the critical amplitude that describes the contribution of the ␤ correlator,
where the master scaling function g Ϯ (t/ ␤ ) is independent of both q and concentration, and where ϭc 0 (Ϫ c )/ c is the separation parameter which describes the approach to the critical volume fraction c of the glass transition. Here, c 0 is a material-dependent constant. Both f c (q) and h(q) can, in principle, be calculated from S(q) at c , and are only very weakly dependent on . Volume fraction dependence enters the dynamics only through , and the two scaling times, which diverge at c ,
where the critical exponents a ͑0ϽaϽ0.5͒ and b ͑0ϽbϽ1͒ are related to the exponent parameter by
where ⌫ is the gamma function. The final, long-time relaxation of f(q,t), reflecting the ␣ process, is described by a second scaling law with the ␣ correlator, and can be well approximated by a stretched exponential,
where ␤ q is the stretching exponent. Within the ideal MCT, ␣ relaxation exists only on the liquid side, where for times greater than ␤ , the relaxation of the density fluctuations is shared by both the ␤ and the ␣ processes, with ␤ marking the crossover between the initial part of the ␤ relaxation ͑the critical decay ϳt Ϫa ) and the von Schweidler decay (ϳ Ϫt b ) which joins smoothly to the long-time ␣ decay ͓Eq. ͑5͔͒. By contrast, on the glass side, the ␣ process is arrested and the ␤ process saturates at a definite value at long times.
The complete structural arrest at c predicted by the idealized MCT does not occur in simple structural glasses, where the ␣-relaxation process moves to longer times with decreasing temperature but does not disappear. Retention of the next significant term in the memory function, beyond the leading term of Eq. ͑1͒, leads to the extended MCT ͓21,22͔. The additional term, representing coupling to currents, is usually included through a temperature-dependent ''hopping parameter'' ␦͑T͒. With this parameter included, much better fits to experimental data can be obtained in the transition region and in the glass phase ͓23,24͔. For our emulsion system, the droplet deformability is physically similar to the activated hopping process underlying ␦͑T͒, so we will also employ the extended MCT to analyze data at concentrations above c .
DATA ANALYSIS
To quantitatively analyze our data, we begin by calculating the ␤ correlator G(,t) for hard spheres, for a trial exponent parameter , as a function of . Then, for the data for each q, we approximate f c (q) by the experimental value of the plateau of the ISF between 0.57 and 0.58, where it becomes flat. We then close a trial value of h(q) to fit the initial decay of the data using Eq. ͑2͒. Below ϭ0.58, we combine the ␣ process using Eq. ͑5͒ with ␣ as a fitting parameter; since in the idealized MCT the ␣ process is frozen out above g , we do not include it for Ͼ0.57. This fitting process is iterated for each data set to obtain the best fit to all the data. In doing this fit, we hold both f c (q) and h(q) fixed for all for each value of q, since MCT predicts that they are only very weakly dependent on ; this ensures that the fit satisfies the constraints of MCT for the factorization of f (q,t) . The results of the fit are shown by the solid lines in Fig. 2 . The fit to the data is very good for Ͻ g ; however, at higher , in the glass region, the data clearly continue to exhibit a decay at longer times, contrary to the expectations of the idealized MCT. To account for this decay, we use the extended MCT ͓21,22͔. Within extended MCT, the final decay is also well described by a stretched exponential above g ͓although the simple scaling of Eq. ͑5͒ is not expected to apply͔, and we use this form here, choosing the value of ␣ to ensure a continuous curve through the data. With this addition, all the data are fit very well; the new fits at long times for Ͼ g are shown by the dashed lines in Fig. 2 . These fits are indistinguishable from the simple MCT fits at shorter times, and correctly account for the decay observed at longer-time scales.
The values obtained for f c (qa) and h(qa) are shown in Figs. 3 and 4 , respectively. The data for f c (qa) are compared to the values predicted for hard spheres, shown by the solid line in Fig. 3 . The fitted values exhibit the same trend as the prediction, with f c (qa) exhibiting a sharp peak near the first peak in the structure factor. Similarly, h(qa) exhibits a pronounced dip near the first peak in the structure factor. In Fig. 5 we plot the dependences of the fitted time scales, ␣ ͑circles͒ and ␤ ͑squares͒, and compare these with the predictions of MCT for hard spheres shown by the solid and dashed lines, respectively. The agreement is again quite good. There is a pronounced divergence for 0.57ϽϽ0.58, providing a clear measure of g . We do not show the values of ␣ obtained from the extended mode coupling fits above g . These reflect the time scales for long-time relaxation for the emulsions in the glassy state, and are in marked contrast to the behavior observed for other colloidal systems. Hard spheres exhibit no long-time decay above g ͓7͔, while soft gel spheres do exhibit a decay ͓9͔, but it cannot be described within extended MCT ͓10͔. Thus the emulsion data are the first colloidal system that can be described by the extended MCT. This additional decay presumably arises because of the deformability of the liquid droplets ͓25,26͔; which may enable thermal effects to cause the ultimate decay of f(q,t), consistent with the use of a phonon-assisted hopping term. In addition, we believe that there are stresses built up within the emulsion as it is loaded into the light-scattering cell, as the observed time scale increases very slowly over the course of several weeks, indicating slow aging of the sample. Consistent with this, we observe a slow increase in the characteristic time of the final decay of the correlation function. These effects may be interesting to study as an example of the consequences of sample aging.
The asymptotic MCT equations ͓in contrast to the full solutions to Eq. ͑1͔͒ do not account for the decay of the ISF at the shortest times where the particles are diffusing within their local cages. Furthermore, the data shown in Fig. 2 do not provide an accurate measure of this initial decay. However, some insight into this behavior can be obtained by using the same emulsion, without index matching, for diffusing wave spectroscopy which probes the very short-time motion of the particles ͓27͔. Interestingly, for all the volume fractions shown in Fig. 2 , the mean square displacement is subdiffusive, increasing with time more slowly than linearly, even at time scales as short as 1 sec, and length scales of order 1 Å ͓25,26͔. Thus the effects of the neighboring particles are felt through hydrodynamic interactions at the very shortest of time scales. This emphasizes the importance of including these interactions in any complete treatment of colloids and emulsions by the MCT.
CONCLUSIONS
These results demonstrate the utility of these monodisperse emulsions as a new system in which to study the glass transition. Because of the flexibility of the droplets, it is a simple matter to load samples at all volume fractions, allowing the study of their properties both below and above g ; by contrast, the very long relaxation times of hard-sphere suspensions make it very difficult to work with glassy samples. Furthermore, by suitable choice of oils, emulsion droplets can be made with different indices of refraction; thus it is a simple matter to mix small concentrations of particles with the same size, but with different scattering intensities, allowing tracer measurements to be made to extend the range of these studies. Furthermore, these samples are also amenable to mechanical measurements to determine their rheological properties; these properties also exhibit all the hallmarks of a colloidal glass transition ͓5͔. Thus this system is ideal for a detailed test of current theoretical descriptions of the glass transition. Finally, these results highlight the importance of the droplet deformability in controlling the final relaxation of the droplets. Similar long-time relaxation is expected in other systems which show glassy relaxations, such as gels or foams. These long relaxations also have a strong influence on the rheological behavior of these systems, leading to a loss modulus that is surprisingly independent of frequency ͓12͔. Recent work has suggested that these long-time scale relaxations are directly related to the frequency independence of the loss modulus ͓28͔. The data presented here provide a direct measure of the dynamics and the relaxations which are speculated to be essential for this unusual rheological behavior.
